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INTKODUCTION 

Electrical diaeharge .. ehintna (EDK) haa been u•ed for t~e eoaplex shaping of 
Mtal eoaponent1 to verl' high tolerance for uny years. However, electrical dia­
eharae .. ehining haa not been used extenaively for eera•lea. The application of 
traditional .. ehining ~thode to finished eeraaieR ls difficult or impossible due to 
the lack. of ductility and the superior ther11011eeh.anieal properties of ceramics. 
Dia.ond abraalve .. ehining is necessarily and extensively used in the ceramics 
induatry, but there are aany liaitatinna to ita use. Foremost ia the restricted 
shapea that can be produced. Further, highly skilled labor is necessary due to 
preciae setup and operating conditions, which are not readily a.enable to automa­
tion. lquipMnt and tooling coats are ala,., high, and maehi,le tool wear is rapid due 
to the high workpiece hardness a~d the extteme stresses generated during aachining. 

Unlike abrasive aaehining, the wire !DM tool does not contact the workpie~e and 
doe• not exert a direct mechanical force on it. Such ecntaet stresses are integral 
to dia.ond aaehining, and, if not uniformly controlled, can produce severe subsur­
face cracking re,ulting in an increased susceptibility of machined surfaces to 
brittle failure. The .. chants .. of .. terial re.oval and the nature or condition of 
the reaultant surfaces created on the strength !~f fracture propert1ea of abrasive 
.. ehined eeraaiea have pcevioualy been studied. 

The ~ehaniam of aaterial re.oval in wire-cut electrical discharge machining 
involves the ecaplex erosion effect froa electric arcs generated by a pulsating 
direct current power supply. The area occur between two closely spaced electrodes 
in the presence of deionized water. The cathode is an expendable, continuously fed 
wire that ~dvaneee into the anode, which is the stationary workpiece. A conclusive 
th~ory has not been established for this complex process; however, eapirieal evi­
dence sugg~1ts the following events take place. First, as the eleetrod7s are 

8 brought in close proximity, a powerful electric current rapidly (in lO- to 10·· 
~ee) vaporizes a small aaount of both electrodes to ~ora localized plas .. channels 
of very high condu~tivity. The actual discharge then takes place with a heavy flow 
of current that concurrently generates a powerful aagnetie field. This magnetic 
field eomgresses the current beam erose section and results in localized heating up 
to 10,000 C. This high energy densit) causes local aelting and vaporization of a 
portion of the wire and t~e workpiece, which is the do•inant erosion process. Dur­
ing the cyclic discharge and heating periods, •aterial can be ejected violently, as 
evidenced by the formation of surface craters pri .. rily on the anode (workpiece). 
SoDI collateral .achanieal erosion also occurs due to d~bria iapaets. Melted sur­
face layers that are not coapletely removed resolidify as a recast layer. The 
character of the resultant surface depends upon the discharge energy, which is a 
function of equip.ent parameters aueh as current, gap voltage, and pulse duration. 
There re•ina, huwever, a question as to whether the high temperat•1re gradients 
inherent in the EDK process also induce subsurface thermal residual stresses and 
cracks that could significantly degrade .. ehanieal properties especially in ceramics 
with traditiunally low theraal conductivities. 

I. STOKEs, R.J. l.ff«tll of Sllr/tiCf 1'111111111,. 011 M~ciNutlall tllfd Otlt~r P#ayslcal Proptrtl~ll of C~ramlcs. The Science of Cer1mic M1chinin11 
and Surfec:e Finilhlna, NBS Spedll Publication 348, May 197 .2, p. 343-35 I. 

2. HAWNAN, M.W., COHEN, P.H., CONWAY, J.C., .nd PANGBORN, R.N. 1ltt Eff~ct of Grlltdl111 011 tit~ fluuiYII Stnnrtlt of Sllllo11 
CINiftic. J, Mat. Sc:i., v. 20, 1985, p. 482-490. 

3. RICE. R.W., and MECHOLSKY, J.J, n.~ Naturt of Stnltftlt Colltmllllll Aiacltllllltf F'ltlws/11 Ctrandcs. Naval Research Llboratory 
Memol'lftdum Report 4077, September 25, 1979, (ADAJ75481). 

4 •. RICS. R. W. Af«hiNI,. of C~Nitllc.s. Proc. of the Seoond Anny Materials TechnoloiY Conference on Cer1mics for Hiah Perfonnance 
AppUCitiona, Army Materiall and ~echanics Research Center, Wa~ertown, Nusachusetts, November 13-16, 1983. 
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Our evidence suggests that wire-cut EDH could be a viable alternative for the 
shaping of complex ceramic contours that have not been possible with conventional 
diamond machining. In particular, the EDM process is essentially independent of 
workpiece ductility and hardness; very ~hick parts can be multi-axially shaped; tool 
wear is not a major concern; and the operation can be completely automated.

5 
Are­

view of the operation of the wire EDM process has been presented elsewhere. 

The primary reasons for the limiced growth in the utili~ation of the EDM proc­
e$8 for ceramic aachining include low material reNOval rates and the fact that the 
process is, by and large, limited to materials with reasonably good electrical 
conductivities7 (e.g., metals and intermetallic compounds of certain carbides, 
borides, nitrides and silicidea). A minimum workpiece conductance value for the EDH 
process has not, however, been established from prior investigations. 

Recently, the increased uae of non-oxide ceramics with adequate electrical 
conducfi!Ybty has stimulated interest in the use of EDH for ceramics. Some investi-
gators have attempted to improve the electrical discharge machinability of 
ceramics, particularly silicon nitride and silicon carbide, by increasing the bulk 
electrical conductivity through minor additions of borides, carbides and nitrides. 
Although the results of this work are encouraging, the corresponding effects of 
these additions on the mechanical properties of the bulk matarial and on EDM cut 
surface~ have not been fully evaluated. 

In this report, the wire-cut electrical discharge machinability of four ceram­
ics (titanium diboride, silicon carbide, boron carbide, and silicon nitride) will be 
discussed. To improve the electrical discharge .achinability of those ceramics that 
cannot ordinarily be wire EDM ~ut in the .onolithic state, setups using metallic 
sandwich structures formed about the workpiece were evaluated. This was done in an 
attempt to induce spark generation and thereby initiate cutting. 

The effects of wire-cut electrical discharge machining on the surface condition 
and subsequent fracture properties of the aforementioned ceramic materials were also 
evaluated. A comparison between wire EDM and diamond grinding will be discuss~d in 
this report. 

EXPERIMENTAL 

Elec•.ricGJ. discharge machinability tests were performed using an Elox Series P 
wire-cut EDH system with a Dl1 3003 power supply. Flush{ng nozzles were located 
0.02-0.03" above and helow the workpiece, and a 0.010" dialllCter brass wire was used 
in all experiments. Specific cutting parameters for the materials with their re­
spective thicknesses are presented later in this report for both roughing cuts and 
finishing passes. 

5. Machining Data Handbook. Jrd Ed., v. 2, Metcut Research Associa:es, Cincinnati, Ohio, 1980, p. 12-49. 
6. MACCALOUS, J.W., and COPPFER, W.P. Electrical Dtscluuge Machining of Zirconium Diboride. Proc. AIAA/ASME/SAE 13th Struc­

tures, Str.tctural Dynamics and Materials Conference, SM Antonio, Texas, April 10-12, 1972, v. 2. Materials, Paper No. ·n-329. 
7. LEE, D.W., and FbiCK, G. The Technique.• and Mechanism.s of Chemical, Electrochemical and Electrical Discltllrre Machini"' of 

Ceramic Materi4u. The Science of Ceramic Machining and Surface Finishing, Proc. of Symposium at NBS, Gaithersbura, Maryland, 
November 2-4, 1970, National Bureau of Standards, p. 197-211. 

8. KAMUO, E., HONDA,~ .• HIGUCHI, M., TAKEUCHI, H., and TANIMURA, T. Electrical Dlscharre MachiMble Si3N4 Ceramics. 
Sumitomo Electric Technical Review, no. 24, January 1985, p. 183-190. 

9. JANNEY, M.A. Mechanical Properties and Oxidation Behavior of a Hot-Pnssed SiC-15 Vol% Ti82 Composite. Amer. Cer. Soc. Bull., 
v. 66, 1987, p. 322-324. 

10. McMliRTRY, C.H., BOECKER, W.D.G., SE~:i4.DRI, S.G., ZANGHI, J.S., and GARNIER, J.E. Microstructu~ and Material Properties 
of SiC· nB2 Particatlate Composites. Amer. Cer. Soc. Bull., v. 66, 1987, p. 325-329. 
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SUieou carbide (st.C), liltcon nitride (St.3N4), boron carbide (B4C), and two 
sradee of titaniua diboride (~tB2 ) werkplecee vera evaluated. Electrical eonductiv­
ltlea of the ceraaic' ~re .. aeured, and are lilted in Table 1. tt dhould bo noted 
that the a4c vas near atoieht.o .. tric, Grade A T112 waa 99% pure, Grade 8 Ti82 was 
·95% pure, and th .. SiC was stliconiaed. The addition of free Si to the SiC ceramic 
r~eulted ln a dr~aatlc increa'e in ele~tricat conductivity over that of purer mate­
rial. 

Tlb1e 1. ROOM TEMPERATURE ~LECTRICAL 
CONDUCTIVITY VALUES FOR WORKPIECES 
TESTED 

Workpiece 

• Reference 11 

E1ectr1cl1 
Conduct1 vilY 

(ot.-c111)·l· 

6.9 X 104* 
2.9 X Hf 2 

1.6 X 10-2 

5.0 X 10·14* 

Cross sectlona o! cut edges wera prepared for SEH evaluation of Grade 8 TiB2 by 
aU.cing and polilhina, follow.ed by etching with a 2HF: 1HN03: 1 glycol solution. As­
machined surface• and frl.ctur4!! surface• across EDM cut edgea were also evaluated by 
SEM. Fracture aurfacea were 1,repared by flret altclna parallel to an EDM cut edae 
and then fracturing the reau lt:ant thin plate by four-point bend ina. Each EDM cut 
surface to be fractured vas plLaced in the bend jig eo it would initially be in 
co•presslon. 

't.hirty MIL-STD 1942 (MR) aiae B flexural speciMna were wire electrical dis­
chars•· Mchine.J froa a bulk plec'' of hot prearted Grade A. TiB2• A like nuaber were 
dia110n,t ground fro• the an• bilht of •terlal. Both sroups of speci•n• were 
loaded to Failure in four··point bendina in accordance IIIith MIL-STD 1942 (MR). 
Practur'' aurfacea were exaained to deteraine flaw origina. 

Praetured EDM apeci•ns exhibiting equivalent atrenaths vere further evaluated 
by X-ray diffraction and SEM .tcroprobe techniques for the existence of residual 
~treasea or cheaical reacti~na near the aurfacea. As-cut EDH aachined aurf~ces. 
aechantcally poliahe~ EDH surfaces, and diaaond ground surfaces were examined. The 
three poliatled EDH IAaplu were poUahed to re110ve 70, 100, and 130 aicron thick 
layer• froa the surface. 

Reaidaal streaaee were aeaaured using the dlffractoatiter technique, 12 with 
Cula r~~iation diffracted froa the {212) cryatallographtc planes at about 131.S0 

2ti. The incident be•• vas analed at 12 and 22 degrees to the saaple surface normal 
t') provide two il angles at each inclination of about -12 and 36, and -·2 and 46 
a~greee, r.apectively. A. Youna's aodulue of S49 X 103 MPa and Pois3on's ratio of 

II. SAMSONOV, G.V. "'""'" Prtu HtUtdbook of H:,lt·Timp1Nh4,. Matt>rlab, hoptrtw:s lrtdrx. Plenum Press, New York, 1%4, 
p, 142-147. 

12. SAE Rt~ldiMII St~u MN.fu~"""' b.v X·Ray DlffructloN, SAE J784ft Sex. of Auto. En,. Inc., Wanenda~. PA. 1971. 
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0.105 we~e uaed for analytic calc~ationa of atreaaea. It ahould be noted that theie 
elaatic conatanta are bulk valuea and not neceaaaf~ly the abaolute value for the 
(212) plane in a atreaaed polycryetalline aaaple. Eapirical ~aluea for ! and ~ 
developed apectficall' for l-ray diffraction atreaa aeaaure .. nta •~ preferred, 1 
but a ealibretio~ aaaple auitable for X-ray expe~iaenta to proy!d• theae values waa 
not available6 Both the ainale e•poaure and ain + technique• were uaed to deter­
aine the r.aidual atreaaea. 

S~rface finiah on the diaaond around and EDM cut aurfacea vaa .. aaured with a 
alcro .. trical prnfilo .. ter, type QB, and R

1 
valuea were reported. 

RESULTS 

Wire electrical diachar,. aachining paraaetera and reaultant aaterial reaoval 
r&tea fnr the TiB2, SiC, and a4c workplaces are ahovn in Table 2. The a4c sample 
could not be cut ln the aonolithic atate, but it vas aucceaafully cut when a aingl~ 
1/8" thi.:k aheet of braaa vaa placed on ita t~p surface. The Si3N4 11orkpiece could 
not be cut in either the aonollthic atol!lte or when 1/lit" thick copper platea w~re 
placed on both the top and bottoa aurfacea. Reaultant aurfa.:e ft.iah values of 
~ucceaaful cute are included in Table 2. 

t•1• 2. lllll·CIIT tLttTI!CAl DISC:~ IK!IIlll. IWWI[T£IIS 

lllttl'lt1 
~~~ - """ I1D LOIIII llin lllrt lllllllctttll ..... 1 Surftct = llel'tplect Tille--• 1111 ~~- (Iff Tl• Dffstt 'f01Uitt Citrrtllt 'f01Uitt Y01tltt Fttll Tlllllllll Fttll btt bt, .. AoutMts• 

lllttrlt1 (IR,) (,sue) (,ltc) (IR.) (¥) lA) (¥) (¥) ( IIIII~ !sri (I Pill (IR. /hr) biR.RI) 

na1 0.5 45 I 11 10 tOO 0.100 1.0 10 

Till 

2t lllutlll .. tilt '·' • 11 11/16 ' 17 • 10 1100 o.ca 1.1 JO 

Ill ht Flftlslll .. 1.5 l • O.ODl 11/R 17 11 • 1100 0.712 ss 
rc 21111 Flnhlllftt 1.5 • o.ooos .... 0.7 17 u • 1100 0.400 45 

H lN FIRislllftt 3.5 • 0 45 0.5 17 10 • 1100 o.or5 JO 

l SIC 0.1 1Z 65 l 11 ' 10 tOO 0.!25 ~.- 10 

SIC 

4t lllutlllftt Cut 1.0 I 40 11/R 11/R 17 • 10 1100 11/R 70 

411 lit FIRhlllnt 1.0 10 0.001 150 ro 15 10 1100 0.365 ss 
4c 21111 Fl~hlllftt 1.0 6 0.0005 110 0.6 17 u 10 1100 .... 50 

~ lN FIRhlllnt 1.0 6 0 .... 11/R 17 u 10 1100 .... 45 

•• c 0,4 l5 H 12 10 1100 o.oro 0.5 95 

6 513114 O.l COII1d llllt Cut hill llltll llttt111c St .... lth C011fltyrttl011 

• llllt rtcoNed .. 
lltttrlt1 ..-v•l rttt • fttd rett l thlckMn l II' 

Ther .. l reaponaes of the Grade B TiB2 workpiece alcrostructure to EDM include a 
recast layer at the cut surface, a subeurface aone with grain boundary aelting, and 
a heat affected aone. Recast layers, in which the .. terial was fully .elted and 

13. RUUD, CO. X·RGY AltGiysLr tutd Adwutns Ill J+.~rtabl~ Fi~ld l~tmum~"tation. J. Metals, v. 31, no. 6, July 1979, p. 10-IS. 
14. RUUD, C.O., SNOHA, D.J., and IVKOVICH, D.P. Ex~rim~11tal M~thoth for IH1~rminatio11 of Pnculon Gild Estimation of Accuracy 

in XP.D Rtsld!MII Stnss Mm.runm~11t. Adv. in X-Ray Anal., v. 30, 1987. 
IS. DOLLE, H. n~ lrt/lu~nu of Multiaxilll Stnss Stat~. Stnss Gradi~11ts and Elastic Anisotropy 011 th~ b:VGluatlon of R~sidwll Stnss by 

X·Reys. J. Appl. Cryst., v. 12, 1979, p. 489·510. 
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reaoUdtfted, wn ~2. 5-8.0 lol• thick, and could be &4en in both polished ar.d frsc­
tured autfacee (Figures l and 2) for Tta2• A •ore dramatic view of a recast surface 
layer 11 shown itA Flaure 3 for a wire cu\. in the SiC workpiece that passed through a 
large graln. 

Partially a.lted cones, in which the grain boundaries appear to have been 
liquefied, wen within o~e to tvo grain dla.etera fro• the cut surface. rhie aone 
il mat easily dla('ern-.d by the s110oth, rounded grain• and overetched graln bound­
arlee (Flgur• 1). 

The heat affected cone, distinguished by a 50~· wide region of grain bound~ry 
dlrectloRilllty planar to t:he cut aurfac~. waa also seen ln the polished and etc'.ted 
aaiiJ)le of Grade 8 ua2 shown in Figura 1. Grain boundary directlonaltty was c-m­
flr•d by exaaination of a corner cut (Flgu:e 4) for which guln; near the cur. edge 
111re orleftted parallel to the ('Ontour of the cut surface. As a further confi• mat ion 
of the pl"'eaence of a heat affetcted aone, SEM exaalnatlon of a fracture surfr,ce 
through a cut edge (Flaure 5) reveal~d higher concentrations of porosity ard almost 
100% lntargranular fracture within 50 lola of the cut edge co~pared with -sr~ inter­
granular fracture in the bulk .. terial. 

Alao occurring within the heat affected aone is a significant degr~e of grain 
reflneMut (-50%, Figure 1). T~ere may have been 11ome grain growth b•.tind this 
realon, but this was not readily discernible in either the polished ~: fracture 
surface apaciMna. The effects of •aterial purity and possibly graf .a slae are 
evident by co•parina the fr.acture surfaces of grade B TlB2 (Figures 1, 4, and 5) and 
the purer grade A TlB2 (Figures 2 and 6). The presence of a low rJlting grain 
boundary phase can, tfiereforc, significantly increase microstructJral changes during 
EDM cutting. 

Coapariaon between FlaurfJs 2 and 6 ehows the effect of he:.,t input on surface 
quality and depth of the recast layer for cuts ln grade A Til.·. Recast layer d~pth. 
for the higher heat input: roughing cut was -7.5 ~· (Figure 6\-compared ::o 3 lollll for 
the low heat input akia cut (Figure 2). Variations in aurh,..:e roughne.:~s and integ­
rity for the two ua2 cutting conditions can be seen st bot'~ low angles (Figures 2 
and 6) and high angles (Figures 7 and 8) with rt~apect to tb~ cut audac•• Thll! 
higher heat input aurf•~3 (Figure 8) had a heavl~r and cotrser distribution of slag 
and a hlaher concentration of porosity and •icrocracks. .Jiailar results are shown 
for SiC in Flaure 9. SEM exa•ination of fractured surfa,·;es of all cut sampl\!s 
shoved that alcrocracks exlstina in the slag/r\!cast laye::r do not extend into the 
base material. Even though inc:reaaed heat input is exp·:cted to increase heat 
affected aone aiae, no diaeernible differences could be derivE:d frna the appearance 
of fracture aurfaces. · 

Variations in workpiece ldcrostructure and poroa!ty were shown to affect ther­
.. 1 chang~& and .. chinability. In SiC with a mixed g:ain size •icrostructure, fine 
grains were alwaya preferentially re110ved or .elted at the cutting in~erface (Figure 
10). In a4c, ~reaa with high levels of porosity alst' showed the same tendency for 
preferential re.oval (Figure 11). 

It vas stated earlier that the s4c workpiece could oaly be cut when a strip of 
braas was attached to its top surfaces. Figure 12 lllustratea the as-cut surface, 
shoving the sa .. surface melting featu~es as those of SiC and Tts2• EDAX spectro­
acopy alao did not reveal any Cu or Zn residues on the surface, indicetina that 
ewarf fro• the sandwich plate was not largely rede·)oslted in the cut area. 
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PleJNre teat naulta fC'r both uire-cut IDM and dla.ond around arade A. TlB2 
apecl .. na are ahovn ln Table 3. Characteriatic utrenath value• of the bend ape~l­
.. Da for the electrical dlacharae .. chined apeci .. na were 23% lower than those ~f 
apecl .. u dla110nd Mchined. The Weibull IIOdull for both teau vere hllh (>24), and 
eaa~natlon of fracture aurfacea indicated that atrencth liaitina flava ori,inated 
over 901 of the ti.. f1oa the aurface. 

Tablt l. FlEXURE TEST RtSULTS Fmt T1B2 SPECIMENS DIAIOII ~OUNO 
MD WIRF .:UT ELECTRICAL DISCHARGE MCHINED 

D1a.ond 6ro~ 

W1 re-Cut EDM 

Strenvth 
( .. a) 

398 

305 

Modulus 
(901 Conf1denct) 

28.7!. 0.6 

24.4!. 0.5 

The naidual atraaaea for the dis110nd around aurfacea were aenarally coa~raa­
alve. Ona aaaple ahowed value• ranatna froa 0 to -261 MPa. Tha other aaaple gener­
ally ahowed co.preaalve atreaaea of about -268 MPa, but. in one reaion. tenaile 
atreaaea of about 577 MPa were indicated. 

The tvo IDK u-cut aurfacea shoved atreaa aradientl with depth that vera 
tenalle. One aaaple ahoved a tenailr. atreaa of about 275 MPa at the aurface to 
ali&htly coapreaaiva at depth• of 10-15 pa. The other ahoved a aiailar aradient 
vlth aurface etreaaea at 352 MPa and a coapreaaive atreaa of about -310 MPa at 
deptha cf 1o-20 p •· 

The IDM aaaple vith 70 pa of aurfa~e reaoved ahoved a coapreaalve atreaa of 
-437 MPa. The aaaple •ith 100 pa reaoved shoved coapreaaive atreaa of -303 MPa. 
The aaaple vith 130 pa reaoved ahoved a aurface coapreaaive ~treae aradient froa 0 
to -331 MPa. 

X-ray diffraction and SEM aicroprobe analyaia friled to reveal cheaical changes 
to the aurface auch aa aeareaation of iapuritiea, phaae chanaee, or conta~ination. 
r.wever, the deteo:tion level of thea~t analyaea b not 11dequate to obaerve lignifi­
cant changes in arain boundary cheaiatry. 

DISCUSSION 

The ainiaua electrical conductivity of ceraaic aaterials required for electri­
cal ~lacharae aechinina appears to be in the range of 2 X lo-l (oha-ca)-1• This vas 
ahown by the ability to inJuce apark aen~ration and to initiate the cuttina of the 
a4C/braaa sandwich. The reaaon for the aucceas in e•tting the a4c is not exactly 
kn~, but it could be ~ reau~t of the local increase tn electrical r.onductivity, 
Jue to increaaed electron ~dbility or t~e foraation/eliaination of new surface 
phaaea auch aa boron oxide. at the hiaher teaperalures present durtna aachining. 

Material reaoval rates fGr the ceraaics t~sted in this ~xploratory work were 
relatively low, but the corra~ponding aurfa~~ finishes produced were reasonably 
aood. Por coaplex contour•, vire EDH cutting speeds are considered e.-, l)e superior 
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to thoae of any abraaive srtndin& proc•••· taprove .. nta in .. chinina perfor•ance 
.. y be eKpected for other ceraaica containins low .. ttlng or hisher conductivity 
gr4in boundary conatttuenta and by tallorins ceraalc .icroatructures. 

Properly perfor .. d dta.ond grinding reaulta in a 5-2) ~· de~p damase aone ~ith 
• hl&h concentration of .tcrocr~cka on .. chined eeraaic ~urfacea.' Ths altered 
surface aone for wire &DM vae found to be -20-50 ~·deep. In the liaited work 
perfor .. d, any hi&h inducod ther~l gradient• and their reaultant tensile reaiduat 
•tr••••• were not found to generate lara• .. crocrack• at the EDH ~chined surface. 
However, the 50 ~· altered cone froa EDM with .. ny potential defect sltea will have 
a nesative affect on •tranath and fracture toushn••• propertiea, especially for 
thin, aur~ace flaw aenaltive ceraalc coaponenta (i.e., turbine btadea). 

The co•blnation of lara~ eurface teneile •treaeea and aub-•urf4ce co•preastve 
atre•aea could aupport •taLl• surface flaw net~ork• contributing to the reduced 
fracture atrdngth obeerved for wire~ut EDM aaaplea. Another contributing factor to 
the ~bserved lowerinc of fracture etrenath is surface roughneAs. A typical rough­
ness valutt LOr an EDH aurface h 2 pa lla• and 0. 30 ~· R.

8 
for dia110nd ground sur­

face,. Two ldcrons ia only the average roughness. The eKtre.e values in roughness 
for EDM aurfacea aay reach 20 ~·• the depth of several grains. Not~ that the wire 
orientation durlna cuttf.ng waa parallel to the ads of the flexure bars, thereby 
mini•iaing V4rlat1ona in cutting depth due to wire .ovenent. 

~ thlrd tactor i~ the large a.ount of poroaity that can be found ln the recaat 
layer and on the surface (Figure 13). These individual pores will interact and tend 
to behav~ like a .uch larger pore in addition to lowering the local fracture tough­
nasa of the aaterial. 

Finally, chemic4l alterations to the surface such as cont~minatlon from the 
wire electrc:-de, 11egregation and diffusion of iapurttiea et the grain boundaries, and 
the creation of new phases or co•pounda due to the high temperature conditions, wil~ 
lo~er the surface fracture toughness without requiring the presence of subsurface 
cracking aa tt.e ortsin of fAilure. 

Poaaible .ethods for counterins the negative EDH surface effect on strength for 
critical coaponents include: (1) finish machining by abrasive means, with a depth 
c~t not to exceed 2.5 paper pass, to reduce surface roughness and remov~ the ther­
.. lly/che•ically altered aone, and (2) t~er .. lly annealins the workpiece to relieve 
reeidual streaaee and heal possible subsurface and surface cracking. 

CONCLUSIONS 

Titaniua diboride and s111~on carbide workpiece& were successfully cut by the 
wir~ EDM proc•••· Boron carbide wor~pieces could not be cut in the monolithic 
state; however, when a 1/8" thick brass strip waa placed on the top surfaces, cut­
tins vas possible. Silicon nitr.ide could not be cut in either the monolithic state 
or when a 1/4" copper ttandwich atructure waa placed about the wor~piece in an 
atte~t to induce apark ~eneration and initiate cuttins. 

Success in cuttins the boron carbid~ is believed to be due to the effects of 
the local increase in electrical conductivity, due to increased electron mobility 

• QUINN, G.D. U.S. Anny Materials TechnoiOI)' Labon~tory, Watertow!l, tobssachusetts, private ,·ommuni.:ation. July IQ8b. 
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and po~talbly the foraat lon of new aurfac:e phaaf'Ja, at the hi1her temparaturu present 
durlRI aac:hlninl• 

The ability to cut boron carbide with a conductive cover plate sandwich indi­
cate• that the alni.ua level of elec:t.ric:al conductance required for t~e elec:tric:!l 
dlsc:harae .. c:hinin1 of ceraaic:~ appear• to be in the range of 2 X 10- (ohm-em)- • 
Since it waa found that fine 1raina were preferentially removed durit~ EDH, it may 
be expected that further laprovements with other fine grain ceramic:B and those 
c:ontainina low aettin1 or hi1her conductivity grain boundary constituent& will also 
Make theae aaterlala aore amenable to EDH. 

Elec:trlc:al dlacharge Mc:hining reaulted in, at 1101t, a 50 \.liD thflrmally affected 
aurfac:e on c:eraaic: workplaces. This surface zone c:onsiated of a recast layer fol­
loved by partially .. lted and heat affected zones. The recast layer ~as typically 
3-8 ~· deep. The partially aelted grain boundary aonc extended one tu two grain 
dia .. tera fr~• the surface, and vaa characterize~ by grain boundaries that appeared 
to ha,•e been liquefied. The heat affected zone was char~ac:terhed by a significant 
degree of grain refineaent (-50%), and possibly some grain growth and higher concen­
tration• of poroaity. In addition, fracture surfaces through EDM cut surfaces 
revealed lower levels of tranagranular fracture within the heat affected zone, 
indicatina other microstructural changes. 

Parametric variations, .. tnly heat input, required for rou~hing and skim cut~ 
reaulted in corresponding chang~• in the th~r .. lly affected aone. Recast layer 
thic:knesa for skim cuts was leas than half that of roughing cuts. Heavier and 
c:oaraer slag diatri~utiona aa vall aa higher concentrations of porosity and mic:ro­
c:rac:ks in the slag ~~re also noted on rough cut surfaces. Microcracks ~re not, 
however, observed to extend into the heat affected zone or unaffected base material. 

Residual atreas values were deter"ined at and beneath the EDH cut surface for 
TiB2• Residual stresses at the EDH surface were largely tensile in nature. Resid­
ual stresaea at the surface of diamond g<.ound and polished EDH specimens wer~ com­
pressive. 

Flexure teats with TiB2 comparing wire-cut EDH with diamond ground samples 
showed that EDM saaples have a 23% reduction in strength over diamond ground ones. 
The reasons for this decrease are not conclusive, but are thought to be due to a 
c:oabinaLion of surface roughness and tensile stresses as well as the lowering of the 
surface frac:tur~:~ toughness due to porosity and chemical alteration. 

Even though material removal rates were low for the ceramics tested, wire EDH 
should be considered a viable alternative for the ahaplng of complex ceramic: con­
tours, since this is extremely difficult if not impossible by standard abrasive 
grinding methods. However, it La believed that the elect~lc:&l discharge ~chin!ng 
of saall surface critical components will require secondary finish machining or 
annealing operations to assure removal of any deleterious effects on fracture 
strength and tolghneas properties. 
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LAYER 
\ 

\_GRAIN BOUNDARY 
DIRECTIONALITY 

PARTIALLY 
MELTED ZONE 

Figure 1. Cross section of a cut in sample 1 of TiB2 showing the recast layer, partially melted zone, and a region of grain boundary directionality and grain refinement at ttie cut edge. Sample was polished, etched, and examined in an SEM. 
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RECAST LAYERS 

Figure 2. Fracture surface through the 30 ~o~in. Ra EDM cut edge in sample 2d of TiB2. Recast layer is visible on the 

fracture surface. 
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Figure 3. Fracture surface through 
an EDM cut edge tn sample 4a 
showing recast layer size in a large 
SiC grain. 

Figure 4. Cross section of a corner cut in 
TiB2 showing grain boundaries near the 
cut edge oriented parallel to the cut surface. 
Sample was polished, etched, and examined 
in an SEM. 
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Figure 6. Fracture surface through the 70 ~Lin. Ra cut edge of sample 2a in 
TiB2 showing the roughness of the cut surface and recast layer size. 
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Figure 7. 30 J.Lin. R
8 

cut surface in sample 2d of TiB2. 
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Figure 8. 55 11in. Ra cut surface in sample 2b of TiB2. 
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(a) 

(b) 

CUT t 
SURFACE 

FRACTURE I 
SURFACE l 

Figure 9. Fracture surface through EDM cut edges in SiC which provide low angle views of 
(a) the 45 ~Lin. Ra and (b) the 70 ~Lin. Ra cut surfaces. 
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Figure 10. Fracture surface through an EDM cut edge in SiC showing preferen­
tial removal of small grains. 

Figure 11. Fracture surface through an EDM cut edge in sample 5 of B4C 
showing preferential removal of high porosity areas. 
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Figure 12. EDM cut surface of sample 5 in B4C. 
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(a) 

(b) 

Figure 13. Extensive levels of porosity in the recast layer, (a) shown on the 
cut surface, and (b) polished and etched specimens through a cut. 
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